A m d e biopsy from the ~s t u s lateralis m d e ofa strengthtrained woman was found to contain an unusual fiber type composition and was analyzed by histochemical, biochemical, and ultrastructural techniques. Special attention was given to the C-fibers, which comprised over 15% of the total fiber number in the biopsy. The mATPase activity of the C-fibers remained stable to varying degrees over the pH range normally used for routine mATPase histochemistry. Although a continuum existed, the C-fibers were histochemically subdivided into three main fiber types: IC, IIC, and IIAC. The IC fibers were histochemically more similar to the Type I, the IIAC were more similar to the Type IIA, and the IIC were darkly stained throughout the pH range. Biochemical analysis revealed that all C-fibers c o e x p r e s s e d myosin heavy chains (MHC) I and IIa in variable ratios. The histochemical staining intensity correlated with the myosin heavy chain composition such that the Type IC fibers contained a greater ratio of MHCIIMHCIIa, the IIAC contained a greater ratio
Introduction
Although a continuum of fiber types exists (25,26), human skeletal muscle can be differentiated histochemically into four basic fiber types (I, IIC, IIA, and IIB) on the basis of differences in the pH sensitivity of myofibrillar adenosine triphosphatase (mATPase) activity (6) . Because the Type IIC fibers co-express fast and slow myosins (3), they exhibit dual mATF'ase activity (alkali and acid stability). Variations in the staining intensities of the IIC fibers have resulted in the delineation of this group into three subtypes. One type of C-fiber is histochemically more similar to Type I, one remains dark throughout the pH range, and one is more similar to Type IIA. These have been termed IB, IIC-IB, IIC (11,37), IIC, IIC, IIC" (3,19) , and IC, IIC, IIAC (17,46) by various research groups. In rabbit skeletal muscle, a good correlation has been demonstrated between the histochemical staining intensity for mATPase activity Supported in part by grants from the Ohio University Research Committee and the National Strength and Conditioning Association.
* To whom correspondence should be addressed. of MHCIla/MHCI, and the Type IIC contained equal amounts of these two heavy chains. Ultrastructural data of the C-fiber population revealed an oxidative capacity between fiber Types I and IIA and suggested a range of mitochondrial volume percent from highest to lowest such that P I C > IIC>IIA- C>IIA. Under physiological conditions, it appears that the IC fibers represent Type I fibers that additionally apress some fast characteristics, whereas the Type IIAC are Type IIA fibers that additionally express some slow characteristics. Fibers expressing a 50:50 mixture of MHCI and MHCIIa (IIC fibers) were rarely found. It is not known whether C-fibers represent a distinct population between the fast-and slow-twitch fibers that is specifically adapted to a particular usage or whether they are transforming fibers in the process of going from fast to slow or slow to fast. ( J Hisrochem C y r d e m KEY WORDS: Skeletal muscle; Fiber types; Myosin heavy chains; Intermediate fibers. -568, 1992) and the slowIfast myosin ratio (3) or, more specifically, the myosin heavy chain Umyosin heavy chain IIa (MHCIIMHCIIa) content (46).
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Collectively, these C-fibers have been referred to as mATPaseintermediate or IM fibers (36,37). Although it is true that the IC fibers stain intermediately (between fiber Types I and IIA) after alkaline pre-incubation and the IIAC stain intermediately after acid pre-incubation, the general use of an IM group can lead to misclassification. ATPase-IM also refers to specific fibers found in human masticatory muscles (31,32,48,49) which have an intermediate staining intensity after standard mATPase histochemistry at pH 9.4 (24). However, these fibers, which histochemically resemble Type IC (also termed IB or IIC), may contain various combinations of developmental and adult myosin isozymes (8) or a "special" fast MHCIIm (34). Indeed, Rowlerson et al. (34) described Type IIM fibers in the jaw-closing muscles of the cat that are alkali and acid stable. In addition, Type IIM fibers, as well as slow-tonic fibers, have been found in the tensor tympani muscle of various mammals (21,22).
Dual activity (alkaline and acid pH stability) is also seen in developing and regenerating (7) and extraocular (52) muscle fibers, and is apparently the result of the expression (or co-expression) of various myosin heavy chains. For example, developing and regenerating as well as extraocular muscles contain developmental (neonatal and embryonic) myosin isoforms in addition to adult fast and slow myosins (10.15.47). In addition, extraocular muscles contain a "special" myosin heavy chain (HCIIeom) and a slow tonic heavy chain (MHCIton) (29,35,51). This apparent histochemical similarity between C-fibers and developing-regenerating or "special" fibers in specific muscles has led to confusion and, in some cases, perhaps misclassification (7J4.33).
The purpose of the present investigation was to present ultrastructural, histochemical, and biochemical data on single muscle fibers in adult human muscle, with special regard to the C-fiber population.
Materials and Methods
Muscle Preparation. After approval of the Ohio University Institutional Review Board, a muscle biopsy was extracted from the vastus lateralis muscle using the percutaneous needle biopsy technique of Bergstrom (2) . The biopsy was from a woman (20 yr. 167 cm. 59.7 kg) who had participated in a previous study (43). After 6 weeks of high-intensity strength training the sample was removed, oriented in tragacanth gum. immediately frozen . and 4.6 (c). One Type llB fiber has undergone fiber "splitting" (arrow). The numbered fibers are those whose myosin heavy chain content is given in B. Fibers 9, 11 . and 12 were histochemically identified as Type I; fibers 3 and 16 as Type IC; fibers 5. 6, 7, 8, 13 in isopentane cooled by liquid nitrogen to -159°C. and stored at -70%.
The muscle biopsy, which contained a total of almost 2000 fibers, was found to have an unusual fiber type distribution and was resectioned in the present investigation for histochemical. biochemical, and ultrastructural analyses. For the combined analyses, the muscle sample was thawed to -2O'C and serially resectioned. Thin sections (12 pm thick) were taken for histochemical analysis. In addition, two thick cross-sections were cut; one (40 pm thick) was freeze-dried for subsequent biochemical analysis and one (20 pm thick) was processed for electron microscopy.
Histochemical Analysis. Routine myofibrillar adenosine triphosphatase (mATPase) activity was assessed after pre-incubation pH values of 4.3,4.6, and 10.4 (6) with previously used modifications (41). A total of seven fiber types was delineated on the basis of the pH sensitivity of their mATPase (44-46) (Figures 1 and 2 ). Type I fibers had mATPase activity that was stable in the acid ranges but labile in the alkaline. Type IIA fibers displayed a reverse pattern. All fibers stable at pH 4.6 and 10.4 but labile at pH 4.3 were classified as either Type IIB or IIAB depending on their staining intensity after pre-incubation at pH 4.6 (the Type IIAB fibers stained intermediately between Type IIB and IIA fibers). Fibers classified as type C remained stable (to varying degrees) throughout the pH range (46). Those fibers more similar to Type I were classified as Type IC and those more similar to Type IIA were classified as Type IIAC. A few fibers were darkly stained after pre-incubation at all three pH values (Type IIC). Previous investigations by our group have collectively referred to Types IIAC + IIC as Type IIC Fibers (42.43). Several cross-sections stained for hematoxylin and eosin were used for routine histological analysis and examined for evidence of damage.
A composite photomontage ( x 56) of the histochemical preparation for mATPase activity after pre-incubation at pH 4.6 was used in combination with the histochemical slide preparations to determine the fiber type percentages and total fiber number in the biopsy. The cross-sectional area of 100 fibers per fiber type (for fiber Types I, IIAC. IIA, IIAB, and IIB) was measured by the use of direct tracings ( x 200) and a digitizing tablet. Because of low numbers, only 20 Type IC fibers could be measured.
Myosin Heavy Chain Analysis. Procedures for combined histochemical and biochemical analyses of single fibers have been previously published (46). Briefly, the photomontage was used to identify specific fibers in the freeze-dried thick section. Pieces of specific, histochemically defined fibers were then microdissected from the freeze-dried cross-section and placed in glass capillary tubes. One piece of a specific fiber was sufficient for myosin heavy chain (MHC) analysis. Care was taken to ensure that there was no contamination from adjac.ent fibers. A total of 53 single fibers was analyzed (10 each of Types I. IIAC. IIA, IIAB. and IIB, two Type IC fibers, and one Type IIC fiber).
Each fiber fragment was lysed for 10 min at 60'C in 5 pl of a medium containing 10V0 (wlv) glycerol. 5 % (v/v) 2-mercaptoethanol, and 2.3% (wlv) sodium dodecylsulfate (SDS) in 62.5 mM Tris-HCI buffer (pH 6.8). The extracts were loaded for electrophoresis on 4-8% gradient SDS-polyacrylamide gels with 3% stacking gels (1) and run at 120 V overnight. Gels were silver stained according to the procedure of Oakley et al. (23) . Protein bands were identified on the basis of their apparent molecular masses compared with those of marker proteins.
Ultrastmctural Analysis. Ultrastructural analysis of specific histochemically identified fibers was accomplished by the use of a cryostat retrieval method (12.18.28) . Briefly, the 20-pm thickcryostat section was placed immediately into cooled (2-4°C) Karnovsky's fucative (2% formaldehyde. 1.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.1) and fixed for 4 hr. The tissue was then rinsed in buffered sucrose, post-fixed in cacodylate-buffered a supporting film, stained with uranyl acetate and lead citrate, and examined in a Zeiss EM 109 electron microscope.
The embedded section was matched to the photomontage and areas of correspondence were cut from the block. Semi-thin sections were cut at 0.25 pm. stained with toluidine blue. and again matched with the photomontage. Tracings of these semi-thin sections were made, labeled according to the histochemically determined fiber type, and matched to adjacent thin sections in the electron microscope. Only sections relatively free of freezethaw damage (Figure 3) were used for the ultrastructural morphometric analysis.
Stereological methods (13,SO) were used to quantify mitochondrial content and size (Figure 3 ) within 28 histochemically identified fibers. Once a specific fiber was identified, two micrographs ( x 7000) were taken at random within the fiber core, excluding subsarcolemmal areas. Micrographs were enlarged to a final magnification of x 28,000 and analyzed for volume percent and cross-sectional area of mitochondria using the Bioquant System IV measuring system (R & M Biometrics; Nashville, TN).
Statistical Analysis. Descriptive statistics were used to derive means +SD for all variables. A one-way analysis of variance was used to analyze the cross-sectional area and ultrastructural data. The volume percentages of mitochondria were converted by an arcsine transformation (38) before being analyzed. Significant differences between the means were determined by Tukey's post hoc test. Differences were considered significant at p<O.O5.
osmium tetroxide for 1 hr at 4'c, dehydrated through an akohol series. and embedded in and a r a l d k U h -t h i n sections were Cut using a Reichert Om U2 ultramicrotome, mounted on slotted copper grids with 
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The muscle sample chosen in the present investigation contained a high percentage of histochemically determined C-fibers, most of which were Type IIAC. Only a few fibers were classified as Type IIC and these were grouped with the Type IIAC fibers for a total of 14.2%. Other histochemically determined fiber type percentages were: Type I, 30.0%; Type IC, 1.1%; Type IIA, 22.6%; Type IIAB, 7.4%; and Type IIB, 24.7%. Although not used in the current investigation, the pre-training biopsy also contained a large percentage of C-fibers (5.2% IC and 0.8% IIC + IIAC). Special attention was given to the C-fibers (IC, IIC, HAC) whose mATPase was stable to varying degrees throughout the pH range (Figures 1 and  2) . As such, these fibers had some activity after all three preincubation pH values after routine mATPase histochemistry.
Fibers labeled as IC, which were distinguishable from the fast and slow fibers after alkaline pre-incubation, co-expressed myosin heavy chains I and IIa with a predominance of MHCI (Figure 2 , fibers 3 and 16). One fiber classified as Type IC (Figure 2 , fiber 16) had only slightly more MHCI than MHCIIa. On the other hand, fibers labeled as IIAC, which were distinguishable from the fast and slow fibers after pre-incubation at pH 4.3, contained both MHCs I and IIa with a predominance of MHCIIa (Figure 2, fibers  5 , 6, 7, and 15) . Some fibers were relatively dark after all three pre-incubation pH values but were still distinguishable as Type IIAC (Figure 2, fibers 8 and 13) . Only afew C-fibers were dark throughout the pH range used and contained equal proportions of MHCI and MHCIIa (Type IIC) (not shown).
All fibers histochemically classified as Type I contained exclusively MHCI (Figure 2, fibers 9, 11 and 12) and all Type IIA fibers contained only MHCIIa (Figure 2, fiber 14) . Those fast fibers, which were labile, at pH 4.3 but stable to varying degrees at pH 4.6, were histochemically identified as either Type IIAB or IIB depending on the staining intensity. The Type IIAB stained between the two extremes; no stain (Type IIA) and dark (Type IIB). These "hybrid' fibers all co-expressed MHCIIa and MHCIIb. As has been previously demonstrated (39), the staining intensity of these fibers after pre-incubation at pH 4.6 depended on the ratio of MHCIIbl MHCIIa. The higher the percentage of MHCIIb, the darker the Type IIAB fiber after pre-incubation at pH 4.6 (Figure 2, fibers  2 and 4) . All fibers histochemically classified as Type IIB in the biopsy were incorrectly typed and contained a significant amount of MHCIIa in addition to MHCIIb (Figure 2, fibers 1 and IO) .
To further characterize these various fiber types, morphometric data on specific fibers were gathered using light and electron mi- croscopy (Eble 1). The cross-sectional areas of the specific fiber types within the muscle sample were determined and appeared similar to those previously published for strength-trained women (43). The fast fiber (IIAC, IIA, IIAB, and IIB) areas were significantly @<&or) larger than the slow fiber (I and IC) areas (Eble 1). Within the fast fiber group, the Type IIAC fibers were significantly smaller than the Type IIB fibers. In addition, the cross-sectional area of the C-fibers (IC + IIAC) was between that of fiber Types I and IIA.
Ultrastructural data supported earlier findings in strengthtrained muscle (42). There appeared to be a continuum of oxidative capacity ranging from IIB to IIAB to IIA to IIAC to IIC to IC to I. As such, the volume percentage of mitochondria in the histochemically determined Type IIB fibers was the lowest and the content in the Type I fibers was the highest ( Table 1) . As a group, the Type C fibers had a high oxidative capacity and contained a volume percentage of mitochondria (4.14 * 0.35) that was between fiber Types I(4.40 * 1.69) and IIA (3.29 0.78) ( Table 1 ). Mitochondrial cross-sectional area was similar among the fiber types (Table 1 ).
Discussion
Histochemical, biochemical, and ultrastructural analyses on specific single muscle fibers were combined to gain information about human fiber types. Data in the present investigation were obtained for a single post-training biopsy taken from an individual who had participated in a previous study (43) . Therefore, caution must be observed when the results are interpreted. However, this biopsy contained an unusual fiber type composition and offered a chance to gather information about specific histochemicaIIy identified fibers, with special reference to the C-fiber population.
Similar to previous investigations combining histochemical and biochemical analyses on single muscle fibers in the rabbit (46) and untrained human (39). the present investigation demonstrated a correlation between mATPase activity and myosin heavy chain composition. It is apparent from these data, however, that many fibers histochemically identified as Type IIB may be misclassified. In the present investigation, all of the "dark" Type IIB fibers were found to contain both MHCIIb and MHCIIa. Therefore, the darkest staining fast fiber after pre-incubation at pH 4.6 may not always be a "pure" Type IIB fiber (100% MHCIIb), especially in trained muscle. By definition, these "hybrid' fibers should be classified as Type IIAB. This group appears to establish a transitional link between the Type IIA and IIB fibers and, in a manner similar to the con. tinuum of C-fibers, can be delineated as Type IIAb, IIAB, and IIaB depending on the MHCIIalMHCIIb ratio (39). Similar to other species, adult human muscle contains a population of fibers with mATPase activity that remains stable, to varying degrees, throughout the pH range normally used for mATPase histochemistry. These fibers have been termed C-fibers (6) and normally make up a minor portion (0-2%) of human skeletal muscle (9) . C-fibers represent a population co-expressing adult fast and slow myosins (3,20,27) , more specifically, MHCIIa and MHCI (46).
They are therefore distinct from other fibers that exhibit dual pH stability for mATPase activity, e.g., fibers expressing embryoniclneonatal MHCs (4,5,8,10,15,30) , or expressing the "special" myosin heavy chains MHCIIm, MHCeom, or MHCIton (22,3431) . As demonstrated in the present investigation, the staining intensity and subsequent classification of the C-fibers into types IC, IIC and IIAC relates to their specific MHCIIMHCIIa ratio.
It is not known whether C-fibers represent a distinct population between the fast-and slow-twitch which have adapted to a particular usage or whether they are fibers in transition from fast to slow or slow to fast. The increased appearance of this population in trained muscle suggests ongoing transformations from Type I1 to I and vice versa (19) . Indeed, a large population of C-fibers (54-64%) has been found in rabbit fast-twitch muscle undergoing a fast-to-slow conversion after 30 days of continuous low-frequency stimulation (40) . Under physiological conditions in human muscle, fast (Type IIa) and slow (Type I) fibers may not be capable of a complete conversion. The rarity of "true" IIC fibers (50:50 mixture of MHCs I and IIa) suggests that IIA and I fibers are unable to complete a "crossover" from HAC to IC, or vice versa, under physiological conditions.
The unusual fiber type composition in the present study may be due to the training regimen andlor degeneration-regeneration from exercise-induced muscle injury. Indeed, our previous strength studies have documented damage in strength-trained muscle induced by the muscle biopsy procedure andlor the high-intensity training (43). Moreover, one fiber (fiber number 3) in the present investigation was atrophic. However, all other fibers used in this study appeared normal. There was no evidence of degeneration (myofibrillar disruption, cell infiltrates, etc.) or regeneration (basophilia, central nuclei, etc.) . Likewise, no denlopmental MHCs were electrophoretically detected.
Previous investigations on men have suggested that the mitochondrial content (and hence the oxidative potential) of the C-fibers was, as a group, between fiber Types I and IIA (16,42) . Likewise, data from the present investigation indicate that C-fibers are oxidative and appear to be between Types I and IIA for many parameters. Although the presence of small numbers of C-fibers in most human muscles has made statistical analyses difficult, the oxidative capacity of the C-fibers appears to correlate with the content of MHCI (present investigation). Therefore, the mean values for mitochondrial content within the specific fiber types, at least in trained individuals, result in a ranking (from highest to lowest) such that I>IC>IIAC>IIA.
In conclusion, care must be taken when fiber types are delineated using mATPase histochemistry. Many fibers histochemically classified as Type IIB may contain a small amount of MHCIIa, especially in trained muscle. In addition, the mATPase-intermediate (IM) fibers in human muscle are not all C-fibers. As a group, the IM fiber type indudes denloping-regenerating fibers, fibers containing "special" myosin heavy chains (MHCIIm, MHCeom, or MHCIton) , and Type C fibers. C-fibers (Types IC, IIC, IIAC) contain MHCI and MHCIIa in varying ratios. Histochemical techniques indicate a correlation between the staining intensity and the MHC content for this fiber group. The Type IC fibers stain similarly to the slow Type I fibers and contain a high ratio of HCIIHCIIa, the Type IIC stain dark throughout the pH range and contain an equal ratio of HCIlHCIIa, and the Type IIAC fibers stain similarly to Type I1 fibers and contain a low ratio of HCIIHCIIa. On the basis of the evidence to date, C-fibers represent a distinct "hybrid" population of fibers with characteristics between fiber Types I and IIA. Therefore, although specific adult muscles other than limb and trunk musculature (e.g., muscles derived from the first branchial arch and extraocular muscles) and developing-regenerating muscles may contain fibers that are histochemically similar to the Type C fibers, they may not be identical.
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